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THEORETICAL AUGMENTATION OF TURBINE -PROPELLER ENGINE 
BY COMPRESSOR-INLET WATER INJECTION, TAIL-PIPE 
BURNING, AND THEIR COMBINATION 
By Reece Y. Hensley 


SUMMARY 

The theoretical performance of the turbine -propeller engine with 
augmentation by means of compressor-inlet water injection, tail-pipe 
burning, and a combination of the two methods was evaluated. The inves- 
tigation covered altitudes and Mach numbers representing the most prob- 
able range of application for each of the augmentation methods . The 
effects on augmentation of variations in compressor and. turbine effi- 
ciency, compressor pressure ratio, turbine-inlet temperature, and 
propeller-plus -gear efficiency were investigated. The effects of ambi- 
ent humidity and temperature and of the degree of evaporation during 
compression were also investigated. 

The augmentation from either compressor-inlet water injection or 
tail-pipe burning varied directly as the compressor pressure ratio and 
inversely as the turbine-inlet temperature, compressor efficiency, or 
turbine efficiency. 

For an engine having an unaugmented pressure ratio of 8, a turbine- 
inlet temperature of 2000° R, and normal compressor and turbine poly- 
tropic efficiencies of 0.88, augmentations as great as 95 percent with 
water injection and 58 percent with tail-pipe burning were obtained. 
Greater augmentation was obtained from water injection than from tail- 
pipe burning under all conditions except for transonic speeds at an 
altitude of about 35,000 feet; at this altitude the augmentations were 
comparable but the liquid consumption with tail-pipe burning was con- 
siderably lower. In the transonic speed range at an altitude of 
35,000 feet, augmentations from the individual methods were more t han 
additive when the methods were used in combination. Liquid consumptions 
for the different augmentation methods were from 3.5 to 9.6 times the 
unaugmented consumption. 

A large part of the maximum augmentation with water injection at the 
compressor inlet would result even if no evaporation occurred during 
compression. 
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■Variations of ambient relative humidity had elicit effect on the 
degree of augmentation with -water injection. 

Compress or-inlet -water injection maintained standard take-off power 
vith temperatures as high as 580° B at pressure altitudes up to 7500 feet. 


1ME0DDCTI0IT 

Up to the present time little interest has "been shown in the aug- 
mentation of turbine-propeller engines because this engine type has been 
considered less desirable than the turbojet engine for high-speed appli- 
cations, and because the take-off perfo rman ce of unaugmented turbine- 
propeller-powered aircraft is generally satisfactory. Consequently, the 
augmented performance of turbine-propeller engines has not been thoroughly 
investigated even though extensive studies of turbojet augmentation have 
been made (references 1 to 3). 

Theoretical analyses (reference 4) indicate that at moderately high 
airspeeds, turbine-propeller-powered aircraft can operate over consid- 
erably longer ranges than can turbo jet -power ed aircraft, but that this 
superiority rapidly diminishes as the airspeed increases. With contin- 
ued progress in the development of high-speed propellers, however, the 
highest airspeeds at which the turbine -propeller engine remains compet- 
itive with the turbojet engine will Increase, and these two engine types 
may be competitive in the transonic speed range. In addition, augmen- 
tation of the turbine-propeller engine may be desirable for take-off or 
climb under adverse conditions (for example, with high ambient tempera- 
tures, pressure altitude considerably above sea level, or from short 
runways) . Because of these considerations, a theoretical evaluation of 
turbine-propeller augmentation was made at the EAGA lewis laboratory and 
is presented herein. The augmentation methods investigated are (l) 
compressor-inlet water injection, (2) tail-pipe burning, and (3) combined 
water injection and tail-pipe burning. Each method of augmentation is 
evaluated at those altitudes and Mach numbers for which it is most appli- 
cable. The effects of changes in engine design characteristics on aug- 
mented performance are also shown. 


ANALYSIS 

Scope 

Variations in compressor efficiency, mass flow through the engine, 
and compressor pressure ratio due to water injection at the compressor 
inlet are taken into account in the analysis. In other aspects of the 
Investigation the analysis is restricted to design-point studies. Under 
this restriction, the points presented depict the performances of a 


2445 



2445 


HACA TN 2672 


3 


group of engines each, of -which has the components operating with identi- 
cal characteristics, rather than the performance of one particular engine 
under varying operating conditions . The method therefore tends to eval- 
uate the potentialities of the augmentation schemes for a fixed set of 
engine design and operating variables . Variations in mass flow, com- 
pressor pressure ratio, component efficiencies, and so forth with the 
engine operating conditions are not considered. The degree of augmen- 
tation possible has, however, been investigated for different values of 
the major component efficiencies and engine design variables; conse- 
quently, for a particular engine, if the change in any factor accompany- 
ing operation at an off -design point is known, the change in augmentation 
resulting from this off -design performance can be estimated from the data 
presented herein. 

At the present stage of development, the axial-flow compressor is 
considered most suitable for turbine -propeller engine application. As a 
result, compressor performance characteristics typical of this unit have 
been used in the analysis. 

Engine characteristics . - The values of the major engine design 
variables and component characteristics used in the analysis are given 
in the following table: 


Compressor pressure ratio 

Eeference value 8 

Additional values 4,16 

Turbine-inlet temperature, °R 

Eeference value 2000 

Additional values 1500, 2500, 3000 

Inlet -diffuser pressure loss, percent of 

inlet dynamic pressure 8 

Compressor normal polytropic efficiency 

Eeference value 0.88 

Additional value 0.83 

Turbine polytropic efficiency 

Eeference value 0.88 

Additional value 0.83 

Combustion efficiency (basic engine) 0.97 

Combustion pressure ratio, 4 (Pj/Pg ) 

Eeference value, 

For P 3 /P 2 = 8 0.985 

For Pg/Pg = ^ 0.96 

For Pj/Pg = 16 0.99 

Heating value of fuel, Btu/lb 18,600 

Exhaust -nozzle thrust coefficient 0.96 


Additional values used in calculating the augmented performance are as 
follows : 
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Tail-pipe -"burner outlet temperature, °R 3500 

Tail-pipe combustion efficiency 0.90 

Tail-pipe -turner inlet Mach, number 0.2 

Tail-pipe friction pressure loss, proportion of 

dynamic pressure head 2 

Temperature of injected water, °E * 519 


Flight conditions investigated . - Each of the methods of augmenta- 
tion was evaluated for the combinations of altitude and flight Mach num- 
ber at which it was most effective or most likely to be applied. Com- 
pressor-inlet water injection was considered for altitudes from sea level 
to 35,000 feet and Mach numbers from 0 to 1.1. Tail-pipe burning was used 
for the s ame altitude range with Mach numbers from 0.6 to 1.1. The com- 
bination of water injection with tail-pipe burning was evaluated only at 
an altitude of 35,000 feet and Mach numbers of 0.9 to 1.1. Augmented 
performance at Mach numbers above 0.9 was evaluated only at an altitude 
of 35,000 feet. 


Methods 

Normal engine performance . - The basic unaugmented engine perform- 
ance was obtained from direct calculations of the performance of the 
individual components using the thermodynamic data and methods of refer- 
ence 5. This method depends on the determination of the state of the 
working fluid during its passage through the engine, using the enthalpy 
and entropy terms h and <p (all symbols are defined in appendix A) . 

The shaft power was obtained from the difference between turbine and 
compressor enthalpy changes, and the jet thrust was calculated from the 
turbine outlet temperature and the available tail-pipe expansion pres- 
sure ratio. All equations used in the calculations are given in 
appendix B . 

Engine perfo rman ce was computed for several divisions of power 
between the pure turbine -propeller engine and the turbojet engine in 
order that the optimum division of power for each operating condition 
could be determined. 

Performance with tail-pipe burning . - The performance of the engine 
with tail-pipe burning was determined from the basic unaugmented engine 
performance. Tail-pipe pressure losses accompanying the burning of the 
additional fuel required to attain a temperature of 3500° B were accounted 
for and the correspo ndin g jet thrust then calculated. 

Performance with ccmpressor-inlet water injection . - In the analy- 
sis given herein, the compressor performance with water injection at the 
inlet was obtained directly from, or calculated using the method of 
reference 6. The method used therein to determine the compressor per- 
formance was briefly as follows : 
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Saturation at the compressor inlet was assumed for all operating 
conditions . Any evaporative cooling upstream of the inlet therefore 
increased the compress or -inlet gas flow in accordance with an assumed 
variation of the corrected gas flow with corrected engine speed. By 
assuming that the turbine nozzles were choked, the increase in gas flow 
through the compressor due to water injection (with complete evaporation 
upstream of the turbine) uniquely determ i ned the accompanying increase 
in compressor pressure ratio. The evaporation of water prior to any point 
in the compressor lowered the temperature at that point below the normal 
value, with a resultant higher blade Mach number (ratio of blade velocity 
to velocity of sound in the air- vapor mixture at that point) . The com- 
pressor efficiency was then determined by an iterative process, applied 
to successive portions of the compression process, which employed an 
assumed variation of compression efficiency with blade Mach number. The 
over-all compressor performance was then completely defined in terms of 
the increased gas flow and pressure ratio and the decreased efficiency. 

All water injected into the compressor was assumed to be at a tem- 
perature of 519° R, and sufficient evaporation upstream of the compressor 
was assumed to maintain saturation at the compressor inlet. Unless stated 
otherwise, an ambient relative humidity of 1.0 and continuous saturation 
during compression were implied for all water-injection performance data 
presented hereinafter. 

All other portions of the gas-turbine cycle were calculated using 
the data and methods of reference 5. The only change in the procedure 
as compared with that used for the basic and tail-pipe burning cycles is 
the necessity of including enthalpy and entropy terms for the water 
vapor contents at all points in the cycle. 

Performance with compressor-inlet water injection plus tail-pipe 
burning . - The performance with the combined method of augmentation was 
calculated by methods analogous to those applied to s imi lar portions of 
the individual augmentation cycles, with the inclusion of enthalpy and 
entropy terms for the water vapor content for the tail-pipe burning por- 
tion of the cycle. 


RESULTS AND DISCUSSION 

The calculated performance factors for the turbine-propeller engine 
for normal and augmented operation are presented in figure 1 for a range 
of f light conditions and engine design variables . The factors given In 
figure 1 are the ratios of net thrust to normal air flow (where the net 
thrust is defined as the jet thrust minus the Inlet momentum.) , shaft 
horsepower to normal air flow, and liquid flow to normal air flow. The 
data are given as functions of the tail-pipe pressure ratio Pg/pQ. From 

these data the engine performance can be ascertained as a function of the 
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power division "between the propeller and the jet. Any desired propeller 
and gear efficiencies may he used to obtain the propulsion potentialities 
of the basic and augmented cycles. 

The selected conditions for which data are shown are considered of 
major interest insofar as the possible applications of turbine -propeller 
augmentation are concerned, and have been included in order that perform- 
ance factors for power divisions and propeller-plus -gear efficiencies 
differing from those used in the remaining discussion may be readily 
obtainable. 

The general manner in which each of the a ugme ntation methods affects 
the performance of the turbine -propeller engine is shown in figure 1(b). 
Water injection increases the marl-mum tail-pipe pressure ratio attainable, 
or increases the shaft horsepower available at a given value of the tail- 
pipe pressure ratio. These effects result from the increase in turbine 
gas flow with water injection, which gives a higher compressor pressure 
ratio, and from the decreased compressor work required with water injec- 
tion. Tail-pipe burning has no effect on the engine shaft power but 
increases the thrust considerably because of the higher tail-pipe-nozzle 
gas temperature. The combined methods affect the shaft power in exactly 
the same manner as water injection alone and increase the thrust somewhat 
more than does tail-pipe burning alone. This greater thrust increase 
results because the pressure losses accompanying tail-pipe burning are 
less important at the higher compressor pressure ratios accompanying 
water injection. The liquid flow is greatly increased by each method of 
augmentation. The smallest increase is caused by tail-pipe burning and 
the largest by the combined methods of augmentation. 

In order to illustrate conveniently and to discuss same of the more 
important considerations accompanying the use of augmentation for turbine- 
propeller engines, the remainder of the discussion will be limited to 
points representing optimum or near optimum divisions of power between 
the propeller and the Jet. The method of arriving at these optimum 
values is shown by figure 2. In figure 2, the thrust and shaft power 
factors of figure 1(b) are combined in a single total thrust term for 
several different propeller -plus -gear efficiencies and this total thrust 
term is plotted over the range of possible power divisions (or tail-pipe 
pressure ratios). Data are shown for normal operation as well as for 
each of the three augmentation schemes. Optimum thrust values occur for 
each of the methods; the magnitude of this opt imum varies, of course, 
with the value of propeller-plus-gear efficiency as well as with the 
method of augmentation. The ratio of the optimum thrust with augmenta- 
tion to the opt imum thrust with normal operation, both for the same 
propeller-plus -gear efficiency, is defined as the augmented thrust ratio 
for the particular efficiency involved. 
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Eeference Engine Augmented Performance 

Effect of propeller -plus -gear efficiency . - The augmented thrust 
ratios for the reference engine at a typical flight condition (a Maoh 
number of 0.9 at 35,000-ft altitude) are shown in figure 3 as a function 
of the propeller -plus -gear efficiency. The augmented thrust ratio with 
tail-pipe burning is larger than that with water injection for compressor- 
plus -gear efficiencies lower than 0.78 for this flight condition. The 
percentage thrust augmentation from the combined methods for this flight 
condition is approximately 15 percent greater than the sum of the augmen- 
tations available from the two methods applied separately, regardless of 
the conversion efficiency. The augmented thrust ratio with compressor- 
inlet water injection is independent of the propeller-plus -gear effi- 
ciency in the range covered, whereas the augmentation ratio with either 
tail-pipe burning or the combination of both methods varies inversely as 
the efficiency (the actual thrust values vary directly as the efficiency, 
however, as can be seen by reference to fig. 2) . The constancy of the 
augmented thrust ratio with water injection for varying propeller-plus - 
gear efficiency can be explained as follows: If the propeller -plus -gear 

efficiency decreases, the optimum value of the tail-pipe pressure ratio 
increases (fig. 2). At the higher tail-pipe pressure ratio, the percent- 
age augmentation of the shaft power increases as shown in figure 1, but 
concurrently, a smaller portion of the total engine output is derived frcm 
the shaft. These two changes are compensatory, with the result that the 
augmented thrust ratio is essentially independent of the propeller-plus - 
gear efficiency. 

Augmentation by tail-pipe burning alone and in combination with 
water injection may be more attractive as compared with water-injection 
augmentation if the probable changes in propeller efficiency accompany- 
ing augmentation by each of the methods are included. The probable trends 
in propeller efficiency can be predicted from figure 4, where the ratio 
of the s haf t power with augmentation to the normal shaft power is plotted. 
The power transmitted to the propeller with augmented operation at opti- 
mum power division is approximately 33 percent above normal with water 
injection, approximately normal with oombined operation, and about 
30 percent below normal with tail-pipe burning. The increased propeller 
loading accompanying water-injection augmentation may therefore decrease 
the propeller efficiency. 

Effect of flight condition on augmented perfoimance . - The augmented 
thrust ratio for the reference engine characteristics is presented in fig- 
ure 5 as a function of altitude and flight Mach number. With compressor- 
inlet water injection, 'the augmentation varies directly with the Mach num- 
ber and inversely as the altitude. At sea level, the augmentation increases 
from just greater t han 50 percent at low Mach numbers to 95 percent at a 
Mach number of 0.9. At 35,000 feet, the augmentation is 22 percent at a 
Mach number of 0.6 and 43 percent at a Mach number of 1.1. Although not 
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shown on figure 5, the augmentation at altitudes above 35,000 feet is 
approximately equal to that at 35,000 feet. There is, however, a slight 
increase with altitude above the tropopause because the constant t emp er— 
ature with a decreasing pressure in this range results in a proportion- 
ately higher vapor partial pressure with a resultant slight inorease in 
the vapor-air ratios attainable in the compressor and hence a slight 
increase in augmentation. 

The augmented thrust ratio for tail-pipe burning is greatly affected 
by variations in Mach number, but is less sensitive to altitude changes 
than is the ratio for water injection. Tail-pipe burning is most effec- 
tive at low altitudes but is much less effective under these conditions 
than is water injection. The maximum augmentation obtained with tail- 
pipe burning is 58 pefcent, and occurs at a Mach number of 0.9 at sea 
level; under these conditions water injection gives an augmentation of 
95 percent. Only in the transonic speed range at altitudes near the tro- 
popause does the augmentation from tail-pipe burning compete with that 
from compress or -inlet water injection. For all lower speeds ■ and alti- 
tudes, water injection is much superior for maximum thrust augmentation. 

Tn the transonic speed range at an altitude of 35,000 feet, the aug- 
mentation from the combined methods is about 15 to 20 percent greater 
than the sum of the augmentat ions from the two individual methods, the 
augmentation ratio varying from 1.75 at a Mach number of 0.9 to 2.06 at 
a Mach number of 1.1. 

The liquid-consumption characteristics of the turbine -propeller 
engine cycle both with and without augmentation are shown in figures 6 
and 7 as functions of the flight condition. The liquid consumptions used 
are those corresponding to the optimum division of power for each of the 
conditions shown when a propeller-plus -gear efficiency of 0.80 is used. 
The augmented liquid ratio (total fuel flow plus injected coolant flow 
divided by the normal fuel flow) is given in figure 6. The augmented 
liquid ratio exhibits characteristics similar to those of the augmented 
thrust ratio. Increasin g with Mach number and decreasing as the altitude 
is increased. For water injection, the augmented liquid ratio varies 
from about 3.8 to 9.6 for the range investigated. With tail-pipe burning, 
the augmented fuel (or liquid) consumption is always lower than that for 
water injection at the same flight condition and varies from 3.5 to 4.5 
times the normal fuel consumption for all the conditions investigated. 
rpVift increase in liquid consumption with combined augmentation is approx- 
imately equal to the sum of the increases for the individual methods 
applied separately. At an altitude of 35,000 feet in the transonic speed 
range, the ratio for the combined augmentation is about 7.3 to 8.2. 

The specific liquid consumption for normal and augmented operation 
is presented in figure 7. This parameter is based on the total propul- 
sive thrust computed for a propeller-plus -gear efficiency of 0.80; this 
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propulsive thrust is defined as the sum of the Jet thrust and the propel- 
ler thrust at a shaft-to-thrust conversion efficiency of 0.80 less the 
momentum, drag of the inlet air. For normal operation, the thrus t speci- 
fic fuel consumption for the range investigated lies between 0.5 and 1.0 
pound per hour per pound thrust. With tail-pipe "burning, the specific 
fuel consumption varies from about 1.6 to 2.6 po unds per hour per pound 
thrust and, with water injection, the specific liquid consumption varies 
from about 1.6 to over 4.5 pounds per hour per pound thrust over the 
range shown. In the transonic speed range at an altitude of 35,000 feet, 
where the augmented thrust gains are approximately equal, the tail-pipe- 
buraing specific fuel consumption is considerably lower than the specific 
liquid consumption with water injection. The specific liquid consumption 
with combined augmentation is about 3.0 to 3.6 pounds per hour per pound 
thrust in the transonic speed range at an altitude of 35,000 feet. 

The water-injection data of figures 5 to 7 were calculated for the 
injection of water alone. As the inlet temperature for part of the flight 
range shown is below the freezing point, a nonfreezing mixture must be 
substituted for the water. The effect of such a change in the injected 
fluid is not investigated in this analysis, but it may be assumed that 
the same general results would arise from the substitution in the turbine- 
propeller engine as in the turbojet engine. According to references 1 
and 3, the substitution of water-alcohol mixtures has slight effect on 
the perf ormance of a turbojet engine with liquid injection except to 
decrease the fuel flow required as compared with that necessary when 
water alone is injected. If a nonfreezing mixture of alcohol and water 
in the correct proportion were used for injection, no increase in fuel 
flow above the normal value would be necessary, as the heat of combustion 
of the alcohol would compensate for the greater enthalpy rise across the 
combustor required with the lower compressor-outlet temperatures and 
changed gas properties in the combustor that accompany this method of 
augmentation . 

As stated previously, the data of figures 5 to 7 are based on a 
propeller-plus -gear efficiency of 0.80. For a different value of this 
efficiency, or far a scheduled variation with Mach number, the relative 
merits of tail-pipe burning and compressor-inlet injection as discussed 
in the preceding paragraphs would be essentially unaltered, as figure 3 
shows. For a moderate range of efficiencies about the value of 0.80, 
the augmentation with water injection would remain essentially constant 
and that with tail-pipe burning would vary only a few percent. (This 
result would also be true for Mach numbers and altitudes other than 
those of fig. 3.) Therefore, the major conclusions drawn from figures 5 
to 7, which are based on rather large percentage augmentations, would 
still be applicable. 
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Effect of Design Changes 

Component efficiencies . - The effect of changes in c omp ressor wnfl 
turbine polytropic efficiencies on the augmented thrust ratio for a Mach 
number of 0.9 at an altitude of 35,000 feet is shown in figure 8. Effi- 
ciencies of 0.88 and 0.83 are considered. (The compressor polytropic 
efficiency is the normal value. With water injection, the actual effi- 
ciency is decreased because of the evaporative cooling.) With water 
injection, the augmented thrust ratio for an engine having a no rmal com- 
pressor efficiency of 0.83 is about 0.06 greater than for an engine with 
an efficiency of 0.88, whereas with tail-pipe burning, the ratio is only 
sligjhtly greater for the lower efficiency. The variation of augmentation 
with turbine efficiency is greater; with water injection, the augmented 
thrust ratio is from 0.20 to 0.25. greater for the efficiency of 0.83 than 
for 0.88, and with tail-pipe burning the ratio is about 0.07 higher for 
the lower efficiency value. The changes resulting from compressor and 
turbine efficiency variations are relatively Independent of the value of 
propeller-plus -gear efficiency. 

Although the augmented thrust ratio increases with a deorease in 
either compressor or turbine efficiency, the thrust in either case 
decreases, as can be seen by comparing figures l(b), l(i), and l(j). The 
increase in augmentation ratio merely indicates that the decreased com- 
ponent efficiency decreases the unaugmented thrust proportionately more 
than the augmented thrust. 

Normal compressor pressure ratio . - The effect on augmented thrust 
ratio of variations in the normal compressor pressure ratio is Bhown in 
figure 9 for a Mach number of 0.9 at an altitude of 35,000 feet. For 
both augmentation by water injection and by tail-pipe burning, the aug- 
mentation ratio varies approximately linearly with the normal compressor 
pressure ratio. With water injection, the augmentation at a pressure 
ratio of 16 is about 3.7 times the augmentation at a pressure ratio of 
4. With tail-pipe burning, the augmentation at a pressure ratio of 16 
is 1.5 to 1.7 times that at a pressure ratio of 4. Because the augmen- 
tation with water injection is independent of propeller-plus -gear effi- 
ciency, whereas that with tail-pipe burning varies inversely with the 
efficiency, the relative augmented thrusts attainable by the two methods 
at different normal pressure ratios are dependent on the conversion effi- 
ciency. At a pressure ratio of 5, equal augmentations result if the 
propeller-plus -gear efficiency is 0.9 and at lower efficiencies tail-pipe 
burning offers greater augmentation. At a pressure ratio of 16, equal 
augmentations result when the efficiency is 0.6 and water injection is 
the more effective method for any higher efficiency . 

Turbine -inlet temperature. - Augmentation available with turbine- 
inlet temperatures from 1500° to 3000° E is shown in figure 10. A Mach 
number of 0.9 and an altitude of 35,000 feet were used in obtaining the 



mCA TIT 2672 


11 


data presented. Augmentation available by the use of tail-pipe burn ing 
decreases rapidly as the turbine -inlet temperature is increased. This 
trend results from tbe decreased tail-pipe fuel addition required for 
the assumed constant jet -exit total temperature as tbe turbine -inlet 
temperature (and concurrently the turbine -exit temperature) is increased. 
The augmentation frith water injection likewise decreases frith increasing 
turbine-inlet temperature, but much less rapidly. As a result, water 
injection augmentation becomes superior relative to tail-pipe burning as 
the turbine-inlet temperature is increased. 

Although the augmentation ratios decrease frith increasing turbine- 
inlet temperature, the normal thrust and the augmented thrusts all 
increase frith turbine-inlet temperature as figures l(b) and 1(h) show. 


Evaporation Effectiveness 

For all the data presented previouslyj oomplete evaporation of all 
the water injected into the engine inlet, continuous saturation up to 
the compressor outlet, and no excess water above the compressor-outlet 
saturation quantity were assumed. Supplemental calculations were made 
to evaluate the effects of deviations from these assumptions, and the 
results are presented in figure 11. Because the principal effect of 
water injection appears in the shaft power rather than in the jet thrust 
(see fig. 1), anfl the shaft power contribution to the total engine out- 
put when operating with optimum division of power is proportionately 
greatest at static conditions, sea-level static engine-inlet conditions 
were chosen for the calculations. 

In figure 11, the augmented, shaft power ratio for oomplete expansion 
in the turbine, which approximates the optimum division of power under 
zero ram conditions, is plotted against the total water-air ratio for two 
assumed evaporation conditions. The solid curve represents continuous 
saturation during compression with the entire water addition occurring 
at the compressor inlet. The circled point at m « 0.075 represents 
compressor-outlet saturation (that is , the condition assumed for all 
previously presented water -inject ion data) . The dashed curve represents 
the addition of all water at the compressor inlet but with no evaporation 
during compression. In both cases continuous temperature equilibrium 
between any liquid water present during compression and the air-vapor 
mixture was assumed. These two conditions represent the possible extremes 
of evaporation eff ectiveness . 

From the solid curve it is apparent that the relative effectiveness 
of water injection (assuming complete evaporation during compression of 
the water injected) decreases sli^itly as the amount of water injected 
Increases to the quantity required for compress or -out let saturation. 
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The augmentation with no evaporation is from. 40 to 50 percent of 
that for continuous saturation for w r ater-air ratios up to the saturation 
value. For higher water-air ratios, the difference decreases until at a 
ratio of 0.15 the min im um augmentation is 81 percent of the maximum aug- 
mentation. Because the augmentation -with no evaporation is a large por- 
tion of the augmentation with complete evaporation and any degree of 
evaporation would give an augmentation intermediate "between these two 
extremes, experimental values might "be expected to approach fairly closely 
the theoretical values for continuous saturation. 

The trends in the augmentation curves of figure 11 can he explained 
in the following manner. The injection of a given amount of water 
results in the same increase in mass flow and compressor pressure ratio 
(because the turbine - ini et temperature is constant, the turbine nozzles 
are choked and the engine-inlet gas flow is independent of evaporation 
during compression) whether the water evaporates during compression or 
not. Both these increases tend to increase the engine output; the aug- 
mentation resulting from increases in these two factors is represented 
by the dashed curve. If evaporation occurs during compression, leBS work 
is required to produce a given pressure ratio. Consequently, more of the 
turbine power appears as shaft power, with a further augmentation of the 
engine power. This factor gives rise to the difference between the two 
curves of figure 11. As the amount of water injected is increased, the 
evaporative cooling becomes less effective in augmenting the engine as 
compared with the increase in mass flow and pressure ratio and the pos- 
sible spread in augmentation with degree of evaporation during compres- 
sion therefore decreases. 


Variation of Inlet Conditions 

For the data presented up to this point, HACA standard altitude con- 
ditions of pressure and temperature and a relative humidity of 1.0 have 
been assumed. The effects of variations in these quantities on the 
compressor-inlet water-injection augmentation were evaluated and the 
results are presented in figure 12 . The augmented shaft power ratio at 
static inlet conditions with complete expansion in the turbine Is given 
as a function of pressure altitude for relative humidities of 0 and 1.0 
with ambient temperatures of 550° and 580° B and with the MCA standard 
altitude temperature variation. With the standard temperature variation, 
the effect of humidity is slight; the augmented shaft power ratio is 
about 1.48 with a humidity of 1.0, and 1.52 with a humidity of 0 at sea 
level. Both the augmented power ratio and the humidity effect decrease 
with increasing altitude. At the higher constant temperatures and humid- 
ity of 1.0, the augmented power ratio is unaffected by changes In pres- 
sure altitude, the augmentation ratio being about 1.62 at 550 E and 1.70 
at 580° E. With zero relative humidity and constant temperature, the 
augmentation increases with pressure altitude as the constant vapor 
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partial pressure gives rise to a higher inlet vapor-air ratio, greater 
cooling at the compressor inlet, and a larger increase in inlet gas flow 
at the higher pressure altitudes. For the temperature of 550° E, aug- 
mentation at zero humidity is 0.05 to 0.08 greater t han with ambient 
saturation. The corresponding difference with a temperature of 580° E 
is from 0.13 to 0.17. 

( 

Inasmuch as MCA standard atmosphere conditions have "been assumed 
in previously presented data and the effect of humidity is greatest with 
static inlet conditions, it is apparent that the effect of humidity on 
the conclusions stated heretofore is negligible. 


Take-Off Performance with Water Injection 

One probable application of water injection augmentation for the 
turbine -propeller engine is to maintain take-off performance under con- 
ditions of adverse ambient temperature or from airports located at alti- 
tudes considerably above sea level. The effectiveness of water injection 
in maintaining sea-level standard take-off performance can be estimated 
using the data of figure 12. The data for a relative humidity of 1.0 
for the three different temperature relations are replotted in figure 13. 
Instead of the augmented shaft power ratio the ratio of the augmented 
shaft power at the conditions specified to the normal shaft power at 
MCA sea level standard conditions is given. This factor therefore 
includes the effects of change in density (and therefore engine mass flow) 
due to temperature and pressure variation, as well as the changes in aug- 
mentation ratio depicted by figure 12. At a given pressure altitude, the 
power available decreases as the ambient temperature increases, indicat- 
ing that the greater augmentation at high temperatures (fig. 12) is insuf- 
ficient to compensate for the decrease in mass flow accompanying 
Increasing inlet temperatures. By using compressor-inlet water injection 
with compressor-outlet saturation, normal sea-level engine power can be 
maintained for pressure altitudes up to 7500 feet with an ambient tem- 
perature of 580° E or up to 10,000 feet with MCA standard altitude con- 
ditions. These figures are for ambient saturation; for lower relative 
humidity, water-injection augmentation would be even mdre effective in 
maintaining norma], take-off performance, as is apparent from figure 12. 


SCMMAET OF EE3UITS 

The theoretical analysis of the augmented performance of a multi- 
stage axial -flow compressor turbine-propeller engine indicated that large 
augmentations result from either compressor-inlet water injection or tail- 
pipe burning and that their combination is more effective than either 
applied separately. The augmentation from either compress or -inlet water 
injection or tail-pipe burning varied directly with the compressor pres- 
sure ratio and inversely as the turbine-inlet temperature, compressor 
efficiency, or turbine efficiency. 
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Hie following augmentation characteristics were dete rmin ed -with an 
assumed propeller-plus -gear efficiency of 0.8 for a reference engine 
having an unaugmented pressure ratio of 8.' compressor and turbine poly- 
tropic efficiencies (without augmentation) of 0.88, and a turbine -inlet 
temperature of 2000° R. 

1. With compressor-inlet water injection providing compressor-outlet 
saturation, thrust augmentation at sea level varied from about 50 percent 
at low airspeeds to 95 percent at a Mach number of 0.9. The augmentation 
varied from 22 to 43 percent for Mach numbers of 0.6 to 1.1 at an altitude 
of 35,000 feet, liquid flows varied from 3.8 to 9.6 times the normal fuel 
flow over the flight range investigated. 

2. With tail-pipe burning to a temperature of 3500° R, thrust aug- 
mentation as great as 58 percent was obtained. This mavirmnn value 
occurred at a Mach number of 0.9 at sea level, where water injection gave 
an augmentation of 95 percent. Thrust augmentation comparable with that 
from, water injection was obtained only in the transonic speed range at 

an altitude of about 35,000 feet". Under all other conditions water injec- 
tion was superior. Augmented fuel flowB varied from 3.5 to 4.5 and were 
always lower than the augmented liquid flow with water injection at the 
same flight condition. 

3. When the two methods were used in combination, the augmentations 
were greater than additive, giving augmentations of 75 to 106 percent in 
the transonic speed range at an altitude of 35,000 feet. The liquid flow 
increases of the two methods were additive and the resultant liquid flows 
for their combination were from 7.3 to 8.2 times the normal fuel flow. 

4. A large part of the maximum augmentation with water injection 
would result even if no evaporation occurred during compression. 

5. Variations in ambient relative humidity had slight effect on the 
degree of augmentation with water injection, particularly at temperatures , 
near RACA standard values. 

6. Water injection with compressor-outlet saturation maintained take- 
off power corresponding to HACA standard sea-level conditions to pressure 
altitudes as high as 7500 feet with ambient temperatures up to 580° R. 


Lewis Flight Propulsion laboratory 

Rational Advisory Committee for Aeronautics 
Cleveland, Ohio, Ro vernier 1, 1951 
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APPENDIX A 
SYMBOLS 

The following symbols are used In the calculations and the figures 
Op, exhaust-nozzle thrust coefficient 

Cp speoifio heat at constant pressure, Btu/(lb)(°R) 

D drag, lb 

F , thrust, lb 
f fuel-air ratio 

g acceleration due to gravity, 32.2 ft/seo^ 

H lower heating value of fuel, Btu/lb 

h enthalpy, Btu/lb 

hp shaft horsepower 

J mechanical equivalent of heat, 778 ft-lb/Btu 

M Mach number 

m vapor-air ratio 

P total pressure, lb/sq. ft absolute 

p static pressure, lb/sq. ft absolute 

B gas constant, ft-lb/(lb) (°E) 

T total temperature, °R 

t static temperature, °B 

W mass flow, Ib/sec 

7 ratio of specific heats 

A incremental value 

T| efficiency 



function of 


<£ 


<P 


tb 


■far, Btu/(it)(°R) 
( V^ (ltf) , Bfcu/lb 


Subscripts : 
a air 

B tail-pipe turner 

b combustion 

c compressor 

e engine 

f fuel 

g combustion gas 

1 inlet 

J Jet 

p polytropic 

t turbine 

v -water vapor 

0 amMent air 

1 engine diffuser inlet 

2 compressor inlet 

3 compressor outlet 

4 turbine inlet 

5 turbine outlet 

6 tail-pipe nozzle in let 
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APEEMHZ B 

EETAHS OF PERFORMAITCE CALCTILATIOHS 
Unaugmented Engine 

Ihe cccmpressor-lnlet total pressure was obtained from the relation 

P 2 » p 0 + 0.92(P 1 -p 0 ) (Bl) 


where 


P 1 “ p 0 + ^ 


_L_ 

7-1 


(B2) 


The corresponding cccmpressor-lnlet temperature was obtained from, the 
equation 


t 2 - ^ ( p + z ir M2 ) 

The momentum drag of the inlet air flow was given by the relation 


(B3) 


% MVr a g E a t 0 

W a " 8 

A value of 53.35 foot-pounds per pound per °R was used for R a . 


(B4) 


The campressor performance was evaluated by the methods of refer- 
ence 5, using the equation 


^a,3 ** ^,2 + Acp a,c 


(B5) 


where 


Acp 


a,c q 


1 R a , P 3 


(B6) 


0,P 


and the charts of reference 5 to determine the compress or -outlet temper- 
ature. The enthalpy rise across the compressor was then computed from 


Ah 


a,c e R a,3 - h a ^2 


(B7) 


The fuel-air ratio for a particular turbine -inlet temperature was- 
determlned from the relation 
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f 

e 




_ h a,4 ~ h a,5 

H " *^,4 " th,4 + 


given in reference 5. 


(B8) 


The turbine performance -was evaluated using the relations 


<Pg,5 « <P gj 4 + A( Pg,t 


(B9) 


and 






(BIO) 


with an assumed value of 53.4 for Rj. to dete rmin e the turhine-outlet 
condition for values of Pg/P^. The enthalpy change across the turbine 
was then obtained as 


- h g,5 " h g,4 ( B11 ) 

The engine shaft power was evaluated from 


^ - sfe [^g,t < 1+f e> - “a,c] 
The Jet thrust was calculated from, the equation 



(B13) 


for cases where the pressure ratio across the Jet nozzle was subcritlcal 
and from the equation for a convergent nozzle 
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for supercritical pressure ratios. A value of 53.4 was used for Ej in 
equations (B13) and (B14) , average values of y were employed, and pg/p^ 
was obtained from the pressure ratios across the preceding components . 


Tail-Pipe Burning 

All quantities calc u l a ted up to the turbine outlet were the Bame as 
for the unaugmented engine. 

The tail-pipe fuel-air ratio was calculated from. 


C B 




*t,B E " h a,6 " * 


h,6 + h f 


(B15) 


The Jet thrust was calculated from equation (B13) with the substi- 
tution of 3500 for T 5 , (f Q + f B ) for f Q , p 0 /Pg for P 0 /P 5 , and with 
the adjustment of the values of y for the higher tail-pipe temperatures. 
By including the tail-pipe friction and momentum pressure drops, Pg/Pg 
was obtained from Pg/Pg. 


Water Injection 

The compressor performance values were either obtained from refer- 
ence 6, or were calculated by the method of that reference. 

The fuel-air ratio was given by the equation 


f e " 


E a,4 ” E a,3 




i“3(hv,4 " *V,3> 


%,e H “ h a,4 w %i,4 + ^f 


^,0 


(B16) 


The remaining portion of the cycle was calculated in the same 
manner as for the unaugmented engine except that terms were added to 
account for the water vapor where required. The following changes were 
necessary: 

(l) Equation (B9) was changed to 


<P, 


“8,5 " *g,4 + T+f 


m 3 "P v^i . 1 + m 5 + £e 


1 + f , 


Aq W),t 


(B17) 
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(2) The value of Rj. (for equation (BIO)) was 


*fc - 


(l+f e )53.4 + mg X 85.8 
1 + f e + m 3 


(B18) 


(3) Equation (Bll) hecame 


Ah 


g,t “ h g,5 " kg,4 


1 + f „ 


(B19) 


(4) In equation (B13), (l + f Q + mg) was substituted for (l + f 0 ) 
and the average value of 7 was based on the properties of the combustion 
gas -water vapor mixture. 


Water Injection Plus Tail-Pipe Burning 


The perfo rman ce with combined methods of augmentation was derived 
from the performance with water injection. 

The tail-pipe fuel-air ratio was obtained from 


(l+f e )(h a>6 -h a ^ 5 ) + f e (^h, 6 -^, 5 ) + 

• T hj,B H “ h a,6 " %.,6 + h f ^b,B ® 


9 

The jet thrust was determined in the manner explained for tail-pipe- 
burning augmentation; (f Q +f-g+mg ) was substituted for (f 0 +fg) and the 
water-vapor content was considered in determining 7 . 
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Tail-pipe presshre ratio, P^/Pq 


(a) Reference -engine characteristics; flight Mach 
number, 0.6; altitude, 35,000 feet. 

Figure 1. - Augmented performance of turbine-propeller engine. 
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Tail-pipe pressure ratio, P 5 /pq 

(h) Reference engine characteristic^; flight Mach 
number, 0.9; altitude, 35,000 feet. 

Figure 1. - Cont inue d. Augmented performance of turbine-propeller e n gi ne . 
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Operating method 
Normal 

Water injection 
Tail-pipe burning 
Water injection plus 
tail-pipe burning 


Water injection vith and 
^■without tail-pipe burning 


Normal and taij> 
pipe burning 


1 3 5 7 9 

Tail-pipe pressure ratib, P 5 /pq 

(c) Reference engine characteristics; flight Mach 
number, 1.1; altitude, 35,000 feet. 

Figure 1. - Continued. Augmented performance of turbine- 
propeller engine. 
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Tail- pipe pressure ratio, Pg/pQ 


(d) Reference engine characteristics; flight Mach 
number, 0.6; altitude, 15 , 000 feet. 

Figure 1. - Continued. Augmented performance of turbine- 
propeller engine. 
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(e) Reference engine characteristics; flight Mach 
number, 0.9; altitude, 15,000 feet. 


Figure 1. - Continued. Augmented performance of turbine-propeller engine. 
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1.0 1.5 2.0 2.5 . 3.0 3.5 4.0 


Tail-pipe pressure ratio, V^/vq 


(f) Reference engine characteristics^ sea-level 
static inlet conditions. 


Figure 1. - Continued. Augmented performance of Inrbine-prope Her engine. 
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(g) Normal compressor pressure ratio, 16; flight 
Mach number, 0.9; altitude, 55,000 feet. 


Figure 1. - Continued. Augmented performance of turbine-propeller engine. 
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(h) Turbine-Inlet temperature, 3000° Rj flight 
Mach number, 0.9; altitude, 55,000 feet. 


Figure 1. - Continued. Augmented performance of turbine- 
propeller engine. 
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, Tail-pipe pressure ratio, P 5 /pq 

(j) Turbine polytropic efficiency, 0.83; flight Mach 
number, 0.9; altitude, 35,000 feet. 


Figure 1. - Concluded. Augmented performance of turbine-propeller engine. 
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Propeller-plus- gear efficiency 


Figure 4. - Effect of augmentation method on engine shaft power. Reference 
engine characteristics; flight Mach number, 0.9; altitude, 35,000 feet. 
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Flight Mach number 

Figure 5. - Variation of augmented thrust ratio with flight condition and 
method of augmentation. Reference engine characteristics* propeller- 
plus -gear efficiency, 0.80. 




36 


HACA TU 2672 



Flight Mach number 


Figure 6. - Variation of augmented liquid ratio with flight condition and 
method of augmentation. Reference engine characteristics; propeller- 
plus-gear efficiency, 0.80. 
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0 .2 .4 .6 .8 1.0 1.2 


Flight Mach number 


Figure- 7. - Variation of specific liquid consumption with flight condition 
and method of augmentation. Reference engine characteristics; propeller- 
plus-gear efficiency, 0.80. 
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Figure 10. - Variation of augmented thrust ratio with turbine-inlet 
temperature. Flight Mach number, 0.9; altitude, 35,000 feet. 
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Pressure altitude, ft 

Figure 12. - Effect of ambient conditions on augmented shaft power 
ratio. Reference engine characteristics; flight Mach number, 0. 



Augmented shaft power 

sea-level standard- shaft power 
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Figure 13. - Effect of ambient conditions on ratio of augmented shaft 
power to normal sea- level standard shaft power. Reference engine 
characteristics; flight Mach number, 0. 
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